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Abstract: Fe-26Si-9B alloy was selected as a potential phase change material (PCM) to store energy
at temperatures up to 1300 ◦C. A suitable refractory material is crucial to building a PCM container
for Fe-26Si-9B alloy in thermal energy storage systems. The refractory material should have the
ability to withstand corrosion from liquid Fe-26Si-9B alloy and should not pollute the alloy after
long-term thermal cycles at high temperatures. In this work, Si3N4 was selected as a candidate
refractory material. To investigate the interaction between Si3N4 and Fe-26Si-9B alloy, the wettability
property of an Fe-26Si-9B/Si3N4 system was examined in a sessile drop furnace at temperatures up
to 1350 ◦C. Moreover, Fe-26Si-9B alloy was subjected to 1–12 thermal cycles at temperatures between
1100 and 1300 ◦C, where the alloys were placed in Si3N4 crucibles in a resistance furnace under argon.
According to the experiments, the equilibrium contact angle between the Fe-26Si-9B droplet and
Si3N4 substrate was measured to be ~143◦, which is non-wetting behavior. Microstructural analyses
showed that FeSi, FeB, FeSiB3, and SiB6 were formed in the solidified Fe-26Si-9B alloy, in which
FeSi + FeSiB3 constituted the eutectic structure. No nitride phases were introduced to the Fe-26Si-9B
alloy, and no new interlayer was produced at the interface between the Fe-26Si-9B alloy and Si3N4

crucible after the thermal cycle experiments. In addition, the formed phases were stable with the
increase in thermal cycles. All the results show that Si3N4 refractory material is suitable for Fe-26Si-9B
alloy containers at high temperatures.

Keywords: Fe-Si-B; PCM; energy storage material; Si3N4; wettability

1. Introduction

The net-zero emissions have been promised by most of the countries in the world by
the end of 2050, aiming to limit the global temperature rise to 1.5 ◦C [1]. This indicates that
the use of coal, natural gas, and oil must be greatly reduced in the future. Consequently,
renewable energy sources such as solar, hydropower, bio-power, and wind are the key to
reducing emissions. However, the energy produced by the sun and wind is not controlled
and cannot be used at the time it is produced. As a result, it requires a sustainable and
cheaper energy storage unit to store energy between the time of production and usage.
Thermal energy storage (TES) has been developed as one of the main technologies to store
energy due to its ability to solve the mismatch between energy supply and energy usage.
TES stores energy by heating or cooling a material. If the material that is storing energy
undergoes a phase change, it is called phase change material (PCM). The stored energy is
then employed for heating or cooling applications and power generation.

PCMs can be divided into three types: organic, inorganic, and eutectic materials [2].
Organic materials are mainly non-corrosive, cheap, clean, and abundant. However, or-
ganic materials have low thermal conductivity, low storage density, and flammability in
the application of TES systems. Inorganic materials are classified into salt hydrates and
metals. These materials customarily have a relatively high storage density and a high
thermal conductivity compared to organic PCMs. However, salt hydrates always undergo
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supercooling in the solidification process, and they have strong corrosion with refractory
materials, phase segregation, and thermal instability, which restrains their applications.
The last type of PCMs is eutectic materials. The benefits of eutectic PCMs are their high
storage density and sharp melting temperatures [2].

In the development of heat storage units, high-temperature PCMs are of increasing
interest to researchers. It is thought that high-temperature PCMs have the capability to
improve energy storage efficiency owing to their high stability, high thermal conductivity,
and low cost [3]. Recently, silicon (Si)-based alloys have been investigated as a future
high-temperature PCM [4–13]. Si has a high latent heat of 1230 kWh/m3 at its melting point
of 1414 ◦C. However, the high-volume expansion upon solidification (9.7%) [14] limits
its application to industrialization. Si-B (boron) alloys were hence proposed to be new
high-temperature PCMs, as the addition of B (2680 kWh/m3) decreases the pure Si volume
expansion [11] and increases its latent heat. Si-B alloys with a B addition of 2–25 mass %
were studied previously [15]. It was found that the volume expansion was ~9% for the
eutectic Si-3.25B alloy at the melting temperature of 1385 ◦C. With the increase in B to
20 mass %, the volume expansion decreased to ~1.9%, while the liquidus temperature
of the Si-20B alloy increased to ~1740 ◦C. A lower B addition to the Si-B alloys did not
dramatically decrease the volume expansion. If a higher amount of B was added to the
Si-B alloys, a higher requirement for the refractory materials was needed. In this regard,
iron (Fe) was added to the Si-B system to form an Fe-Si-B PCM. The heat of fusion for this
ternary alloy did not substantially decrease.

With the third element of Fe added to Si-B-based alloys, a new eutectic Fe-26Si-9B
alloy was formed. In the report on the experimental results and theoretical calculations [4],
the volume change was measured to be about −2.4% at its melting point of 1223 ◦C. The
heat of fusion was calculated to be 1250 kWh/m3, which is a bit higher than that of pure Si.
The thermal conductivity was estimated to be 30.6 W/(m·K) at 1100 ◦C, which is higher
than those of most of the organic and inorganic PCMs [16,17]. This showed that Fe-26Si-9B
alloy would be a good PCM candidate in TES systems.

In the application of Fe-26Si-9B alloy for long-term energy storage at high temperatures
up to 1300 ◦C, the selection of an appropriate refractory material to build a PCM container
is important. The suitable refractory materials should meet several requirements: it can
be used at high temperatures up to 1300 ◦C; it should resist molten PCM corrosion after
long-term thermal cycles; and it should not pollute molten PCM. Graphite is one of the
promising refractory materials that has been investigated by our team [4–7,10]. With the
long-term thermal cycle experiments, we observed that thin carbide layers were formed
at the surface, and the penetration of Fe-26Si-9B melt into graphite was insignificant. In
addition, the formed phases were reliable after long-term thermal cycle experiments. Thus,
graphite was regarded as a potential refractory material as an Fe-26Si-9B PCM.

Silicon nitride (Si3N4) is another possible refractory material that can be used for
Fe-26Si-9B alloy containers. Si3N4 is broadly used as a container for producing solar-grade
silicon in industry because of its low nitrogen solubility in the Si melt [18–23]. However, few
studies have reported the interaction between Fe-Si-B alloys and Si3N4. The present study
aimed to elucidate the possibility of using Si3N4 as an Fe-26Si-9B PCM container. Therefore,
the wettability property of Fe-26Si-9B alloy and Si3N4, the phase formation of Fe-26Si-9B
alloy, and the interlayer between the Fe-26i-9B alloy and Si3N4 crucible after thermal cycling
were systematically investigated by experiments and supported by theoretical calculations.

2. Materials and Methods
2.1. Raw Materials

Fe-26Si-9B master alloy was produced in an induction furnace. The raw materials
of B powder (>99.9 mass %), Si (>99.99%), and Fe (>99 mass %) were mixed and heated
in an Al2O3 crucible (>99.7%) under an argon (Ar) atmosphere. A holding time of 1 h
at 1700 ◦C was used to make the molten sample homogeneous. Afterward, inductively
coupled plasma mass spectrometry (ICP-MS) analysis was performed to determine the
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chemical composition of the Fe-26Si-9B master alloy. The measured contents of Si, Fe, B,
aluminum (Al), and manganese (Mn) are summarized in Table 1. We observed that the
analyzed result was close to the targeted composition of Fe-26Si-9B alloy.

Table 1. Chemical composition of Fe-26Si-9B master alloy analyzed by ICP-MS (mass %).

Sample Si Fe B Al Mn

Fe-Si-B 25.65 63.33 8.47 0.18 0.23

2.2. Wettability Experimental Procedure

The wetting test of Fe-26Si-9B alloy on flat Si3N4 substrate was carried out in a sessile
drop furnace (SDF) under 10−4 atm. The SDF was described, among others, by Ciftja
et al. [24]. Prior to the test, to remove any possible oxide film, the Fe-26Si-9B particles
were etched in a HF, HNO3, and ethanol (1:5:2) solution bath for 10 s; rinsed with water
and ethanol; and contained in an ethanol solution. The alloy on the Si3N4 substrate was
heated to 1200 ◦C at a rate of 20 ◦C/min from 1100 ◦C, then increased to 1300 ◦C at a rate of
5 ◦C/min. A holding time of 5 min was used at 1300 ◦C. At that moment, the temperature
was increased to 1350 ◦C at a rate of 10 ◦C/min. Finally, the Fe-26Si-9B/Si3N4 was cooled
to room temperature, as shown in Figure 1.

Figure 1. Temperature profile of the Fe-26Si-9B particle on Si3N4 substrate under 10−4 atm.

2.3. Thermal Cycle Experiments Procedure

A vertical tube resistance furnace was used in the thermal cycle experiments. A
graphite holder was placed inside the furnace. The temperature program of the furnace
was controlled by the thermocouple installed on the top of the graphite holder. Since the
samples should be placed on the bottom of the graphite holder, the temperature correction
occurred before the experiments. The distance from the bottom to the top of the graphite
holder was ~50 mm and we found that the temperature at the top position was 19.5 ◦C
higher than at the bottom position. Hence, the temperature program was set 19.5 ◦C higher
to obtain a more accurate temperature for Fe-26Si-9B alloy.

Ten grams of the Fe-26Si-9B master alloy was charged to a Si3N4 crucible. Then, the
charged Si3N4 crucible was located at the bottom of the graphite holder. A flow of Ar was
kept in the furnace during the experiment. In the heating step, the furnace was heated to
1550 ◦C at a heating rate of 60 ◦C/min. Then, a holding time of 60 min was used to affirm
the homogeneity of the liquid Fe-26Si-9B alloy. The temperature was later decreased to
1100 ◦C at a cooling rate of 60 ◦C/min, and the liquid alloy solidified in the cooling process.
A holding time of 10 min was kept at 1100 ◦C. Subsequently, the temperature was increased
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to 1300 ◦C and the solidified alloy was re-melted. A holding time of 10 min was kept at
1300 ◦C as well. For this work, 1, 6, and 12 thermal cycles were executed on the Si3N4
crucibles. A typical temperature profile is shown in Figure 2. The red cycles represent 1, 6,
and 12 melting and solidification stop positions.

Figure 2. The typical temperature profile in a resistance furnace.

2.4. Characterization Method

The microstructures of the samples were characterized both by scanning electron
microscopy (SEM) (Zeiss Supra, 55 VP, Oberkochen, Germany) with a backscattered electron
(BSE) detector and by an electron probe micro-analyzer (EPMA) (JEOL JXA 8500F, Germany,
Freising). Phases were identified by energy dispersive spectroscopy (EDS) and wavelength
dispersive X-ray spectroscopy (WDS) techniques. The chemical composition of the Fe-26Si-
9B master alloy was analyzed by using an ICP-HR-MS Agilent 8800™ (Santa Clara, CA,
USA). FactSage software (version 7.2 and 8.1) [25] was used to calculate the thermodynamic
properties based on the FTlite database.

3. Results and Discussion
3.1. Wettability Property of Fe-26Si-9B Alloy on Si3N4 Substrate

A non-wetting behavior was observed based on the Fe-26Si-9B/Si3N4 wetting experi-
ment. The sample photos during the wetting experiment in the heating–cooling process
is shown in Figure 3. The Fe-26Si-9B particle started to melt at ~1218 ◦C, and completely
melted at 1250 ◦C. At 1300 ◦C, an equilibrium physical state was reached between the
molten Fe-26Si-9B droplet and Si3N4 substrate. At this point, the function of the contact
angle between the liquid Fe-26Si-9B and Si3N4 substrate with time was recorded, as shown
in Figure 4. The contact angle was steady at the equilibrium state, and an average value
of ~143◦ was measured. Gao et al. [26] investigated the wettability behavior between Fe-
5.3Si-3B alloy and BN substrates, and they found that Si3N4 was produced at the interface,
which is characterized as reactive wetting. For this reason, their wetting behavior was
governed by the reactive production of Si3N4. They measured the contact angle to be in
the range 140–147◦ at 1160–1360 ◦C under a vacuum, which corresponds to our result. The
non-wetting behavior prevented the liquid Fe-26Si-9B alloy from penetrating inside of the
Si3N4 crucible and further avoided the degradation of the Si3N4 container with time and
temperature cycles.
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Figure 3. Photos of the Fe-26Si-9B particle on Si3N4 substrate under 10−4 atm.

Figure 4. Contact angles as a function of time for the Fe-26Si-9B droplet on Si3N4 substrate after
complete melting.

3.2. Phase Stability

Intermetallic FeB, FeSi, SiB6, and FeSiB3 compounds were observed in the Fe-26Si-
9B alloys after thermal cycle experiments. The formed phases in the Fe-26Si-9B alloys
were observed by SEM-BSE, as shown in Figure 5. FeB, FeSi, SiB6, and FeSiB3 were
observed in the bulk of the Fe-26Si-9B alloys, in which the main morphology was a eutectic
structure (FeSi + FeSiB3). FeB was found as large crystals, and a small amount of SiB6
was also detected. A thermodynamic calculation was conducted to determine the phases
formed in the Fe-Si-B system, as shown in Figure 6. It shows the projection of the Fe-Si-
B system calculated by FactSage 7.2 based on the FTlilte database [27]. The blue point
represents the eutectic point in the Fe-Si-B system and the red point represents the chemical
composition of the master alloys used in the experiments. It showed that the eutectic
chemical composition was 65 mass % Fe, 26 mass % Si, and 9 mass % B. A eutectic
reaction occurred at 1157 ◦C, liquid = FeSi + FeB + SiB6, in which FeSi, FeB, and SiB6
formed below the melting temperature. FeSiB3 was not expected from the calculation. The
chemical composition of the FeSiB3 phase was further analyzed by EDS with values of
22.0 at. % Fe, 20.6 at. % Si, and 57.3 at. % B, which was different from other well-known
ternary compounds, Fe5Si2B, Fe4.7SiB2, and Fe2Si0.4B0.6 [28]. Furthermore, the lattice
structure of FeSiB3 was investigated [8] using transmission electron microscopy (TEM).
An orthorhombic lattice structure was detected with the unit cell parameters: a = 4.88 Å,
b = 10.22 Å, and c = 5.91 Å. Therefore, we confirmed that FeSiB3 was a new phase that was
first found in the Fe-Si-B system. These four phases were detected in all the Fe-26Si-9B
alloys after 1, 6, and 12 thermal cycles.
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Figure 5. Images of the Fe-26Si-9B alloys after thermal cycle experiments. (a) one cycle; (b) six cycles;
(c) twelve cycles.
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FeSi and FeSiB3 were in the form of a eutectic structure in the Fe-26Si-9B alloys.
Figure 7 shows the eutectic area in the Fe-26Si-9B alloy after six thermal cycles. The gray
area represents the FeSi phase, and the black area represents the FeSiB3 phase. Thus,
the phase amounts could be calculated based on the obtained images. The eutectic area
consisted of 40% FeSiB3 and 60% FeSi at low magnification (Figure 7a) and 44% FeSiB3 and
56% FeSi at high magnification (Figure 7b). Moreover, the average chemical composition of
the detected phases accompanied by the standard deviations is summarized in Table 2. We
note that all the analyzed results were obtained by WDS analyses. So, the composition of the
eutectic structure could be calculated based on the above results. The average composition
of the eutectic point was 36 at. % (61 mass %) Fe, 34 at. % (29 mass %) Si, and 31 at. %
(10 mass %) B. These values are close to the theoretical eutectic point of 39 at. % (64 mass %)
Fe, 32 at. % (26 mass %) Si, and 29 at. % (9 mass %) B. On that account, the eutectic structure
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was formed by FeSi and FeSiB3 phases instead of FeSi, FeB, and SiB6 phases based on our
experimental results.

Figure 7. Images of the eutectic area in the Fe-26Si-9B alloy after six thermal cycles: (a) 200X; (b) 2000X.
The red rectangle area shows the magnification position.

Table 2. The detected phases in the Fe-26Si-9B alloys after experiments. All the values were obtained
by WDS analyses and were normalized (at. %).

Phase Fe Std. Dev. Si Std. Dev. B Std. Dev.

FeSi 45.5 ±1.2 43.2 ±1.1 11.3 ±1.7

FeSiB3 22.0 ±1.0 20.6 ±1.4 57.3 ±0.4

FeB 47.7 ±0.9 0.23 ±0.9 52.0 ±0.1

SiB6 0.31 ±0.1 10.6 ±0.2 89.3 ±0.2

The formed phases were stable after 1, 6, and 12 thermal cycle experiments. Comparing
the phases formed in the Fe-26Si-9B alloys after thermal cycles in Figure 5, the formed
phases did not change with the increase in thermal cycles. In the long-term energy storage
process, Fe-26Si-9B alloy will store and release energy by the changes between solid and
liquid phases. The highest energy would be achieved when transitioning from a liquid
above liquidus temperature to a temperature just below the solidus temperature. Under
the solidus temperature, FeB and SiB6 were the primary phases. FeSi and FeSiB3, a eutectic
structure, formed with further cooling. The phase stability of Fe-26Si-9B alloy shows the
possibility of using the alloy as a PCM.

The Fe-26Si-9B alloy did not introduce nitride phases during the thermal cycle ex-
periments. As shown in both Figures 5 and 7, no nitride phases were detected in the
Fe-26Si-9B alloys. Nitrogen solubility in liquid Si has been widely investigated [18–23],
showing that the solubility of nitrogen is in the range of 4–99.7 ppm mass at the melting
point of Si (1414 ◦C), which is negligible. Nitrogen would be in the form of a boron nitride
(BN) phase in the Si melt if the melt is saturated with nitrogen. During research on the
high-temperature interaction between Si-B alloys with Si3N4 crucibles [29], the nitrogen
solubility was estimated to be lower than 10 ppm mass at 1750 ◦C. BN precipitates were
detected in the solidified Si-B alloys, in which BN particles were embedded in the SiB6
phases. Furthermore, the size of the BN particles was less than 10 µm, which was not
easy to find, and it was identified by using high contrast and high magnification in the
cross-sectional images. The nitrogen solubility in the Fe-26Si-9B melt was calculated to be
17.1 ppm mass at 1550 ◦C using Factsage 8.1 based on FTlite database [27]. This value is
at the same level as the values in the Si and Si-B melts. It is thought that a small amount
of BN forms in Fe-26Si-9B alloys, even though it was not found in the present research.
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However, the limited amount of BN will not affect the stability of Fe-26Si-9B alloys during
the melting and solidification processes.

3.3. Interface of Fe-26Si-9B Alloy and Si3N4

No new phases were produced in the interface between the Fe-26Si-9B alloy and Si3N4
crucibles. Figure 8 shows the distribution of the elements at the interface of the Fe-26Si-9B
alloy and Si3N4 crucible after six thermal cycles, in which Si, N, B, and Fe were analyzed.
The left bright part shows the Fe-26Si-9B alloy, and the right dark gray part shows the Si3N4
crucible. The dark area between the Fe-26Si-9B alloy and the Si3N4 crucible is the epoxy
used for sample preparation. The Fe-26Si-9B alloy did not adhere to the Si3N4 crucible
after cooling due to its non-wetting behavior. Fe and B were not detected in the Si3N4
crucible part and nitride phases were not found in the Fe-26Si-9B alloy part. To further
study the penetration of the liquid Fe-26Si-9B alloy to the Si3N4 crucible, high-resolution
imaging and analysis were performed by EPMA, as shown in Figure 9. Only Si3N4 was
identified in this area, and we verified that Si3N4 did not react with liquid Fe-26Si-9B alloy
after several melting and solidification steps. The phase evolution in the interaction of
Fe-26Si-9B alloy with Si3N4 at 1550 ◦C was calculated based on the FTlite database [27], as
shown in Figure 10. The Y-axis represents the number of phases formed in the interaction
between Fe-26Si-9B alloy and Si3N4. The X-axis represents the amount of Fe-26Si-9B alloy.
It is theoretically shown that BN would be formed between Fe-26Si-9B alloy and Si3N4
at 1550 ◦C. However, BN was not experimentally found at the interface. Longer thermal
cycle experiments are expected to be conducted to examining the stability of the Si3N4
crucible. In short, no new interlayer phase evolved between the Fe-26Si-9B alloys and
Si3N4 crucibles, and hence Si3N4 is inert and is a material that can potentially be used as a
container to hold Fe-26Si-9B PCM.

Figure 8. EPMA elemental map at the interface between the Fe-Si-B alloy and Si3N4 crucible wall
after six thermal cycles at 1100–1300 ◦C.
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Figure 9. Images of the interface close to the Si3N4 part: (a) 3000X; (b) 6000X.

Figure 10. The evolution of the phase formation in the interaction of Fe-26Si-9B alloy with Si3N4 at
1550 ◦C. Calculated by FactSage 7.2 based on the Ftlite database.

4. Conclusions

Thermal cycle experiments were conducted in the Si3N4 crucibles in the temperature
range of 1100–1300 ◦C to evaluate Si3N4 as an Fe-26Si-9B PCM container. In addition, the
wettability property of liquid Fe-26Si-9B on Si3N4 was examined in a sessile drop approach.
The following conclusions were drawn based on the experimental and theoretical results:

1. FeSi, FeB, SiB6, and FeSiB3 formed in Fe-26Si-9B alloy after thermal cycle experiments.
FeB was in the form of large crystals. FeSi and FeSiB3 were in the form of eutectic
structures.

2. Fe-26Si-9B alloy started to melt at ~1218 ◦C and became completely molten at ~1250 ◦C,
indicating that Fe-26Si-9B alloy is not a eutectic alloy. The eutectic point was calcu-
lated to be about 61 mass % Fe, 29 mass % Si, and 10 mass % B (Fe-29Si-10B) in the
Fe-Si-B system.

3. In the interaction between Si3N4 and Fe-26Si-9B alloy, the equilibrium contact angle
was measured to be ~143◦.
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4. No nitride phases were present in Fe-26Si-9B alloy or at their interface. This shows
the possibility of using Si3N4 refractory material as an Fe-26Si-9B alloy container at
high temperatures.
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